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ABSTRACT

The Gravity Recovery and Climate Experiment (GRACE) and GRACE Follow-On (GRACE-FO)
missions have enabled consistent production of monthly gravity field solutions by international
institutes, contributing to the International Centre for Global Earth Models. Each institute
employs distinct processing strategies, yielding varied estimates of terrestrial water storage
(TWS). In this study, we employ statistical collocation techniques (Total assessment ratio, TAR)
to assess and compare the performance of GRACE TWS data products (2003.03 ~ 2014.03) and
GRACE-FO TWS data (2018.06 ~ 2022.11). For GRACE TWS, the TAR values are as follows: COST-
G (0.15), ITSG (0.83), APM-SYSU (0.85), CSR (0.91), JPL (0.93), GFZ (0.94), Tongji (0.96), HUST
(1.08), SUST (1.18), CNES (1.37), and AIUB (1.41). Similarly, for GRACE-FO TWS, the TAR values are
COST-G (0.15), JPL (0.81), ITSG (0.96), CSR (0.97), GFZ (1.06), and CNES (1.41). Furthermore, our
comparison across basin sizes and climatic regions reveals that COST-G exhibits lower uncer-
tainty and larger signal-to-noise ratios in TWS, making it particularly noteworthy for its utility.
Conversely, other single solutions that depict long-term trends and annual amplitudes demon-
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strate comparable values across various basin sizes, climatic regions, and specific areas.

1. Introduction

Terrestrial water storage (TWS), a climate observable
distinctly observed by satellite gravimetry data, is
a critical component of the global hydrologic cycle
and thus provides an invaluable constraint (Huang
et al,, 2015; Pokhrel et al., 2021; Rodell et al., 2009).
Variations in TWS have profound impacts on global
surface and groundwater hydrology, and observe the
occurrence of extreme hydrological events, e.g.
(Daniel et al.,, 2011, Eicker et al., 2016; Forootan
et al., 2019; Kusche et al., 2016). The Gravity
Recovery And Climate Experiment (GRACE) mission
(2002.04 ~ 2017.06) revolutionised the global TWS
monitoring via computing the surface mass load
using monthly global gravity field solutions in terms
of spherical harmonics coefficients (Tapley et al.,
2004). GRACE offered an innovative approach for
tracking large-scale changes in TWS, surpassing tradi-
tional ground-based observations in both temporal
and spatial coverage, leading to numerous hydrolo-
gical studies using TWS data products (Chen et al.,
2022; Scanlon et al., 2016).

Following the decommission of the GRACE mission
in October 2017, the GRACE Follow-On (GRACE-FO)
twin-satellite mission, launched in May 2018, has been
continuing to provide TWS data for diverse geodetic
and Earth science applications (Landerer et al., 2020).
Notably, the GRACE-FO twin satellites have an experi-
mental laser range interferometry (LRI) satellite-to-
satellite instrument, with >50 times more in precision
than the operational K/Ka Band microwave ranging
(KBR) instrument. Furthermore, advancements in var-
ious instrument accuracy and the scientific data system
have enhanced the GRACE-FO’s ability to detect grav-
itational variations at a slightly finer resolution, enabling
accurate, uniform, and continuous TWS observations,
despite the early loss of an accelerometer on one of
the GRACE-FO satellites (Landerer et al., 2020).

Monthly gravity field estimates derived from
GRACE/GRACE-FO have achieved geoid height undula-
tion precision as fine as 2 to 3 mm at spatial resolutions
longer than 286-333 km half-wavelength, correspond-
ing to spherical harmonic coefficients complete to
degree 60 and order 60, respectively (Landerer et al.,
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2020; Tapley et al., 2004). The three official GRACE/
GRACE-FO Science Data System entities, the Center
for Space Research at the University of Texas (CSR),
the German Research Center for Geosciences in
Potsdam, Germany (GFZ), and the NASA's Jet
Propulsion Laboratory (JPL) have been producing
monthly global gravity field models. In addition, 8
research institutes have also been contributing pub-
licly available monthly global gravity field models.
These institutes include the combined solution from
the International Combination Service for Time-
variable Gravity Field (COST-G, Jaggi et al., 2020), Graz
University of Technology (ITSG, Kvas et al., 2019),
Centre national d’études spatiales (CNES, Lemoine
et al, 2019), Tongji University (Tongji, Q. Chen et al.,
2021), Huazhong University of Science and Technology
(HUST, Zhou et al., 2017), Astronomical Institute of the
University of Bern (AIUB, Meyer et al., 2016), the
Innovation Academy for Precision Measurement
Science and Technology of Chinese Academy of
Sciences and Sun Yat-sen University (APM-SYSU,
Wang et al,, 2015), and the Southern University of
Science and Technology (SUST, Ran et al., 2014).
These centres commonly employ varied processing
strategies, resulting in unique noise characteristics in
their respective generated spherical harmonic solution
(Level 2) derived and mascon solution derived terres-
trial water storage (TWS). Here, our goal is to contri-
bute a statistical methodology to evaluate the
performance of TWS using various GRACE/GRACE-FO
Level 2 data products.

Many prior assessments have focused on compar-
ing subsets of available monthly gravity fields via
diverse interdisciplinary applications. For example,
Sasgen et al. (2007) focused on Antarctica, highlighting
the superior performance of the CNES RLO1C product
in capturing gravity field changes. Steffen et al. (2009)
extended a cautionary note to the use of satellite
gravimetry to estimate Fennoscandian glacial isostatic
adjustment, emphasising the importance of consider-
ing processing methods and selection of hydrological
forward model. Chambers and Bonin (2012) contribu-
ted to the uncertainty estimates of GRACE-derived
ocean bottom observables, by intercomparisons with
pressure ocean circulation model outputs. Scanlon
et al. (2016) evaluated the performance of GRACE mas-
con and Level 2 (spherical harmonics) solutions for
hydrologic applications, finding similarities but noting
the lower performance of CSR and JPL mascon solu-
tions as compared to spherical harmonics. Zhang et al.
(2019) delved into the consistency between mascon
and spherical harmonics solutions, highlighting mas-
con solutions’ potential for revealing Terrestrial Water
Storage (TWS) variations in larger areas but also noting
their limitations in smaller regions compared to sphe-
rical harmonics. Yao et al. (2019) analysed relative
uncertainties in GRACE-derived TWS changes in

mainland China and concluded that the CSR Level 2
solution exhibited the lowest uncertainties, particularly
for nonseasonal parameters.

However, these evaluations are subject to certain
limitations and challenges. The accuracy of models, the
extent of coverage provided by hydrological survey
stations, and the impact of human activities can intro-
duce uncertainties in the assessments. Additionally,
obtaining authentic observations of TWS for evaluat-
ing the uncertainty of GRACE/GRACE-FO time-varying
gravity field inversion results present a considerable
challenge. Therefore, the Three-Cornered Hat (TCH)
method which does not necessitate a known real refer-
ence field for evaluating the uncertainty of three or
more sets of observation sequences (Tavella & Premoli,
1994) and has been successfully applied in diverse
contexts, including the evaluation of atmospheric
angular momentum products (Koot et al., 2006), fluid
load deformation data (Valty et al., 2013), rainfall data
(Awange et al., 2016), and also in the assessment of
GRACE time-varying gravity field products (Ferreira
et al, 2016; Khandu et al, 2016; Long et al.,, 2017).
While the studies employed the TCH method to eval-
uate GRACE solutions, they may not contain most
current publicised and extended time-period GRACE/
GRACE-FO products nor conduct a comprehensive
analysis from global down to basin-scale assessments.
Additionally, the SNR (Signal to Noise Ratio) are also
used here to evaluate different products. However, it is
difficult to discern which products are better once the
uncertainty is lower, and the SNR is greater.

In this study, we introduce a novel statistical assess-
ment ratio known as the ‘Total assessment ratio (TAR)’,
which integrates uncertainty and SNR. Our primary
objective is to provide a comprehensive evaluation of
the available GRACE/GRACE-FO products across differ-
ent temporal scales (monthly, seasonal cycle, and the
decomposed residuals) and spatial scales (global and
basin scale). Additionally, we aim to conduct
a comparative analysis of the diverse solutions offered
by GRACE/GRACE-FO products in hydrologic applica-
tions. The overarching goal of this comprehensive
intercomparison of TWS from various institute is
potentially provided insights into the robustness of
each data product’s processing and post-processing
strategies.

2. Data and methods
2.1. Global major river basins

A total of 89 river basins have been meticulously
selected to represent a range of aridity and humidity
intensities, as depicted in Figure 1. The basin areas,
totalling 7.36x10” km?, were sourced from the
Global Aridity Index and Potential Evapotranspiration
(ETO) Climate Database v2 (accessed on 15 June 2023,
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Figure 1. Locations and humidity of study basins. Humidity is characterised by Aridity Index (Al).

https://figshare.com/articles/dataset/Global  Aridity
Index and Potential Evapotranspiration ETO
Climate_Database_v2/7504448/3). These river basins
were categorised into size classes, comprising large
(40 basins, >500,000 km?), medium (36 basins,
100,000-500,000 km?) and small (13 basins 40,000-
100,000 km?). The global humidity was further classi-
fied into five categories (Trabucco & Zomer, 2019),
namely Arid (A: 0.03 < Al <0.2, 14 basins), Semi-arid
(SA: 0.2 < Al < 0.5, 20 basins), Sub-humid (SH: 0.5 < Al <
0.65, 20 basins), and Humid (H: Al > 0.65, 35 basins).

2.2. GRACE/GRACE-FO level-2 products

In our comprehensive assessments, the newly publi-
cised Level-2 (gravity solutions expressed in spherical
harmonics) datasets are included (Table 1) by 11
research institutes, namely, CSR, GFZ, JPL, COST-G,
ITSG, CNES, Tongji, HUST, AIUB, APM-SYSU, and SUST.
The majority of these datasets are available from the

Table 1. GRACE/GRACE-FO product information from 11

institutions.

Institutions Versions Time span
CSR GRACE RL06 2002.04-2016.08
GRACE-FO RL06.1 2018.06-2022.11
GFZ GRACE RL06 2002.04-2016.08
GRACE-FO RL06.1 2018.06-2022.11
JPL GRACE RL06 2002.04-2016.08
GRACE-FO RL06.1 2018.06-2022.11
COST-G GRACE RLO1 2002.04-2016.08
GRACE-FO RL0O2 2018.06-2022.11
ITSG GRACE 2018 2002.04-2016.08
GRACE-FO OP 2018.06-2022.11
CNES GRACE RL05 2002.04-2016.08
GRACE-FO RLO5 2018.06-2022.11
Tongji GRACE 2022 2002.04-2016.12
HUST GRACE 2020 2003.01-2016.07
AlUB RLO2 2003.03-2014.03
APM-SYSU / 2003.01-2015.12
SUST / 2003.04-2010.12

(/" indicates that there is currently no version number available.).

International Centre for Global Earth Models (ICGEM),
(http://icgem.gfz-potsdam.de/home, accessed
15 March 2023). The GRACE data obtained from
the three official institutions (CSR, JPL, and GFZ2)
are of the RLO6 version, whereas the GRACE-FO
data corresponds to the RL06.1 version.
Conversely, for COST-G, the GRACE data pertains
to the RLO1 version, while the GRACE-FO data
aligns with the RLO2 version. For other institu-
tions, these version numbers for products were
not specified. Although the various data products
span at different time periods, we used the 11
research institutes (CSR, GFZ, JPL, COST-G, ITSG,
CNES, Tongji, HUST, AIUB, APM-SYSU, and SUST)
for GRACE solutions covering a common data
span, 2003.04-2014.03, for the comparison study.
For the evaluation of GRACE-FO data products, we
compared the solutions produced by six institutes
(CSR, GFZ, JPL, COST-G, ITSG, and CNES) from
June 2018 to November 2022.

The post-processing of both GRACE and GRACE-
FO data involved a meticulous sequence of steps:
(1) Replacement of the degree-1 (Sun et al., 2016),
C20 (Cheng et al., 2011), and C30 coefficients
(Loomis et al.,, 2020). (2) Adopting the GGMO05C
gravity field model as the reference model
(http://download.csr.utexas.edu/pub/grace/
GGMO5/). (3) Correction of the Glacial Isostatic
Adjustment (GIA) geophysical processed using the
ICE-6G_D (VM5a) model (Peltier et al.,, 2015). (4)
Mitigation of north-south stripe errors through
the application of decorrelation filters (DDK3)
(Kusche et al., 2009). (5) Computation of the sur-
face mass change expressed in density of water via
Farrell's loading (Wahr et al., 1998), and then (6)
resample the gridded TWS with 0.5°x0.5° via sim-
ple interpolations.
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2.3. Three-Cornered hat method

Three-Cornered Hat (TCH) method shares similarities
with the triple collocation approach (Stoffelen, 1998).
However, it is important to note that the triple colloca-
tion method is designed for calculating uncertainties
involving three variables, whereas the TCH method is
versatile and can handle more than three variables.
The TCH method has been demonstrated to be invalu-
able for estimating the relative uncertainties asso-
ciated with TWS derived from different products
within the GRACE missions.

The time series of TWS at each grid point for
a specific time epoch are represented as
{Xi}i=1 2. - In this scenario, N is equal to the number
of products, comprising three products from the
GRACE/GRACE-FO Science Data System (SDS) proces-
sing centres, namely CSR, GFZ and JPL, and eight
additional solutions from COST-G, ITSG, CNES,
Tongji, HUST, AIUB, APM-SYSU and SUST, respec-
tively. X; is the sum of true value (X;) and the
error (&),

Xi=Xe+gVi=1,...,N (W]

To calculate the error (g;), TCH algorithm is employed
here. The differences among N-1 products can be
defined as:

Yi,M:Xi—xreference:'Si_gNy\v,i:‘|a~--7N_-I )

Xreference 1S the reference time series, which is arbitrarily
chosen from the time series X;. Y is an Mx(N-1) matrix,
N represents the number of products being compared,
and M signifies the length of the time series. The
covariance matrix of Y can be expressed as:

S=cov(Y) 3)

The unknown NxN covariance matrix of the individual
noise R is related to S as:

S=J-R-J (4)

where J is the (N—1) x N identity matrix with an
additional column of —1s appended, can be expressed
by

10 -~ 0 -1
o1 ... 0 -1

JN*T.N: : : : : : (5)
00 0 - —1

For the equation (2), it cannot be solved as the number
of unknown elements is greater than the number of
equations. To address this, we introduce the Kuhn -
Tucker theorem proposed by Galindo and Palacio
(1999) to constrain the minimisation problem. The
objective function can be defined as:

1N
F(rin...raw) = pzf,f (6)

i<j
and the corresponding constraint function is:

R

|5|—'K <0 (7)

H(rlN...rNN) = -
where ry.ryw are the elements of Q, and

K = "3/|S|. The initial conditions for the itera-
tion are:

1

0 _ g icNPO — .
r,NfO,I<N,rNNf2.S*,

(8)

S =[1,...,1]-5"-(1,...., 1) 9)

Finally, the matrix Q can be obtained by minimising the
objective function in the equation (4). The square root
of the diagonal values Q is the uncertainty of evaluated
TWS. The solved uncertainty to the mean of TWS is the
relative uncertainty.

2.4. Performance metrics

Calculating the signal-to-noise ratio (SNR) aids in
understanding the intensity of the results of each
GRACE/GRACE-FO product relative to the background
noise. SNR can be obtained by the following
equation:

noise

P .
SNR = 10 x log;, (Ps’g”"’> (10)

1 N
Psignal = NZ TWS,'Z (1)
i=1

Psignai is the root mean square (RMS) of each grid value
of TWS. Ppise represents the uncertainty estimated by
the TCH method.

It is challenging to determine which product is
superior when the uncertainty is lower, but the SNR is
greater. To address this, we introduce the total assess-
ment ratio (TAR) as the final performance metric, cal-
culated as follows:

Total = \/ (uncermim‘yRem,e)2 + (WSNRRESCG/Q)2 (12)

Here, uncertaintygescqie denotes that the value of uncer-
tainty is rescaled to the range of 0.1 ~ 1; WSNRgescale is
the value of WSNR which is also rescaled to the range
of 0~ 1; WSNR can be computed using the following
formula:

sum(SNR) — SNR

WSNR =
sum(SNR)

(13)

A smaller value of TAR indicates better performance for
the product.



2.5. Time series decomposition

TWS can be decomposed into trends, seasonal cycles,
and interannual variations, as follows:

TWS = TWStrend + TWSannual + TWSsemifannual

+ Residuals (14)

The mathematical formulation of time series decom-
position method is:

TWS =a-t+b1-cos(wr-(t+¢;)) + b2(2w,-(t+¢,))
+ €

(15)

where a represents the trend of TWS; b1 and b2 denote
the annual amplitude and semi-annual amplitude,
respectively; ¢, and ¢, represent the annual phase
and semi-annual phase, respectively; € is the residual
or interannual variations of TWS.

3. Results
3.1. Assessments of GRACE estimated TWS

Three performance metrics, including uncertainty,
SNR, and TAR, are utilised to analyse the performance
of TWS from 11 GRACE products: CSR, GFZ, JPL, COST-
G, ITSG, CNES, Tongji, HUST, AIUB, APM-SYSU, and
SUST. Figure 2 illustrates the uncertainty of GRACE
TWS globally. COST-G exhibits the lowest uncertainty
on a global scale, while CNES, AIUB, and SUST

60°E  120°E  180° 120°W  60°W 60°E 120°E

180°
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obviously display greater uncertainty. In specific
regions, CSR, HUST, JPL, GFZ, and SUST show higher
uncertainty in eastern Antarctica; Tongji, HUST, JPL,
APM-SYSU, and GFZ display higher uncertainty in the
Amazon; Tongji also presents higher uncertainty in the
middle-latitude area; JPL and APM-SYSU show greater
uncertainty in Tibetan Plateau regions and parts of
Africa; CSR exhibits higher uncertainty on the western
Australia coast and  southeastern Canada.
A comprehensive summary of uncertainty for various
products is provided in Table 2. COST-G boasts the
lowest uncertainty at 0.35cm, while AIUB (1.99 cm),
CNES (1.87 cm), and SUST (1.56 cm) have higher uncer-
tainty. Other institutions fall in the middle range, ran-
ging from 0.96 cm to 1.20 cm.

Figure 3 presents the SNR globally, highlighting
COST-G's higher signal intensity in most terrestrial
areas, contrasting with lower values for AIUB and
CNES, particularly in western Russia, the centre of
Africa, and South Asia. The higher SNR patterns are
associated with regions experiencing significant
water loss or gain and seasonal fluctuations.
A detailed summary of SNR values is provided in
Table 2, with COST-G achieving the highest value
at 17.44, while CNES (11.28) and AIUB (11.31)
record the lowest values. APM-SYSU (13.37), ITSG
(13.25), CSR (13.08), JPL (13.07), Tongji (12.78),
HUST (12.20), and SUST (11.93) exhibit compara-
tively strong signal.
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Figure 2. For GRACE product, the uncertainty of global TWS obtained by TCH method are presented in (a) CSR, (b) GFZ, (c) JPL, (d)
COST-G, (e) ITSG, (f) CNES, (g) Tongji, (h) HUST, (i) AIUB, (j) APM-SYSU, and (k) SUST, respectively.
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Table 2. For GRACE TWS in the same time span, the uncer-
tainty, SNR, and TAR of various institutions.

Institutions Uncertainty(cm) SNR TAR
CSR 1.13 13.08 0.91
GFZ 1.16 12.84 0.94
JPL 1.16 13.07 0.92
COST-G 0.35 17.44 0.15
ITSG 0.96 13.25 0.83
CNES 1.87 11.28 1.37
Tongji 1.20 12.78 0.96
HUST 1.35 12.20 1.08
AlUB 1.99 11.31 141
APM-SYSU 1.07 13.37 0.85
SUST 1.56 11.93 1.18

Considering cases where uncertainty is higher, but
SNR is greater, it's difficult to discern the better pro-
duct. To address this, the TAR, introduced as
a comprehensive ratio, aids in the evaluation (see
Figure 4). TAR values reflect the overall performance,
with lower values indicating better performance in
GRACE TWS. COST-G stands out with the lowest TAR,
indicating superior performance, while CNES, AIUB,
and SUST present higher TAR values than other pro-
ducts. Notably, APM-SYSU, CSR, JPL, and ITSG exhibit
better performance in Greenland, and APM-SYSU out-
performs other institutions significantly in Antarctica.
Table 2 provides a summary of TAR, with COST-G
leading with the best TAR at 0.15, followed by ITSG
(0.83), APM-SYSU (0.85), CSR (0.91), JPL (0.92), GFZ

60°E  120°E 180° 120°W  60°W 60°E

180°  120°W_ 60°W

(0.94), Tongji (0.96), HUST (1.08), SUST (1.18), CNES
(1.37), and AIUB (1.41).

3.2. Assessments of GRACE-FO estimated TWS

Among the GRACE-FO level-2 products, assessments
are limited to six institutions: CSR, GFZ, JPL, COST-G,
ITSG, and CNES. Figure 5 shows the uncertainty of
GRACE-FO TWS globally. Notably, COST-G exhibits the
lowest uncertainty, while CNES displays greater uncer-
tainty. In specific regions, GFZ and ITSG present greater
uncertainty than CSR and JPL in middle latitude area;
GFZ shows higher uncertainty than CSR, GFZ and ITSG
in Greenland; CSR, JPL, and GFZ exhibit higher uncer-
tainty than ITSG in Antarctica. A comprehensive sum-
mary of uncertainty for various products is provided in
Table 3. COST-G boasts the lowest uncertainty at 0.45
cm, while CNES (2.17 cm) has the highest uncertainty.
Other institutions fall in the middle range between
1.14cm and 1.51 cm. Figure 6 presents the SNR of
GRACE-FO TWS globally. COST-G exhibits higher SNR
than other institutions. The signal mainly concentrates
in regions exhibiting greater water loss or gain, such as
Greenland, Antarctica, western Canada, and India, and
areas with significant seasonal variations, such as the
Amazon and the centre of Africa. A summary of SNR
values for various products is provided in Table 3.
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Figure 3. For GRACE product, the SNR of global TWS are presented in (a) CSR, (b) GFZ, (c) JPL, (d) COST-G, (e) ITSG, (f) CNES, (g)
Tongji, (h) HUST, (i) AIUB, (j) APM-SYSU, and (k) SUST, respectively.
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Table 3. For GRACE-FO TWS in the same time span, the
uncertainty, SNR, and TAR of various institutions.

Institutions Uncertainty(cm) SNR TAR
CSR 137 19.01 0.97
GFZ 1.51 18.62 1.06
JPL 1.14 19.76 0.81
COST-G 0.45 23.67 0.15
ITSG 1.35 18.99 0.96
CNES 217 17.43 141

COST-G attains the highest value at 23.67, followed by
JPL (19.376), CSR (19.01), ITSG (18.99), GFZ (18.62), and
CNES (17.43).

Figure 7 denotes the value of TAR: COST-G stands
out with the lowest TAR, signifying superior perfor-
mance, while CNES presents higher TAR values than
other products. In Antarctica, ITSG and JPL exhibit
better performance than CSR and GFZ. In Greenland,
JPL and ITSG present better performance than GFZ and
CSR. Table 3 provides a conclusive summary of the
performance metrics, where COST-G stands out with
the best performance (TAR: 0.15), followed by JPL
(0.81), ITSG (0.96), CSR (0.97), GFZ (1.07), and
CNES (1.41).

In terms of the value of uncertainty, the results in
GRACE-FO TWS are greater than GRACE TWS. However,
the intensity of the signal in GRACE-FO TWS is higher
than GRACE TWS. Above all, the TAR of GRACE-FO TWS
is higher than GRACE TWS, which is probably attribu-
table to the absence of an accelerator in the GRACE-FO
satellites. For GRACE and GRACE-FO derived TWS, JPL

60°E

120°E 180°  120°W  60°W

presents better performance than other institutions,
followed by COST-G.

3.3. Comparisons in the decomposed GRACE/
GRACE-FO TWS

The time series of TWS are usually decomposed into
trends, seasonal terms, and residuals (or interannual
variations). First, we present the trend and annual ampli-
tude of GRACE/GRACE-FO TWS from the aforemen-
tioned six institutions in Figures 8 and 9, respectively.
They collectively reveal water increase or loss in tar-
geted regions, such as glacier ablation in Greenland,
the Antarctic Peninsula, West Antarctica, and the Gulf
of Alaska coast; groundwater depletion in the
Northwest India Aquifer and the North China Plain;
freshwater accumulation in far-northern North America
and Eurasia, as well as in the wet tropics; reservoirs
filling in the Three Gorges regions; precipitation
increase in parts of Africa, the Amazon, Australia, and
southern China. Additionally, these institutions capture
higher annual amplitude, predominantly in the
Amazon, India, Mainland Southeast Asia, the centre of
Africa, and the Gulf of Alaska coast. The trend of global
TWS is presented in Table 4, showing minimal differ-
ences among these solutions. For the annual amplitude,
the results from six institutions also remain consistent.
This suggests that all these solutions effectively capture
the global rate and annual amplitude of TWS.
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Figure 6. For GRACE-FO product, the SNR of global TWS is presented in (a) CSR, (b) GFZ, (c) JPL, (d) COST-G, (e) ITSG, and (f) CNES,

respectively.
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Figure 8. For GRACE/GRACE-FO product, the trend of global TWS is presented in (a) CSR, (b) GFZ, (c) JPL, (d) COST-G, (e) ITSG, and
(f) CNES, respectively.

Then, we assess the decomposed cycle and residual our focus is on the annual and semi-annual signals,
components extracted from the global TWS time series each exhibiting uncertainties well below the submilli-
(see Tables 5 and 6). Specifically, for the seasonal term, meter range, significantly surpassing the accuracies of
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() ITSG, and (f) CNES, respectively.

Table 4. The trend and annual amplitude of GRACE/GRACE-FO
TWS.

Institutions Trend (cm/yr) Annual amplitude (cm)
CSR -0.32 2.14
GFZ -0.31 217
JPL -0.32 2.15
COST-G -0.33 213
ITSG -0.33 2.17
CNES -0.33 2.16

Table 5. For the seasonal term of GRACE/GRACE-FO TWS, the
uncertainty, SNR, and TAR of various institutions.

Institutions Uncertainty(cm) SNR TAR
CSR 0.01 22.22 0.18
GFZ 0.06 15.93 1.41
JPL 0.02 20.79 0.44
COST-G 0.02 19.70 0.56
ITSG 0.01 22.31 0.17
CNES 0.01 22.59 0.14

Table 6. For the interannual variations of GRACE/GRACE-FO
TWS, the uncertainty, SNR, and TAR of various institutions.

Institutions Uncertainty(cm) SNR TAR
CSR 0.08 473 0.77
GFZ 0.16 1.82 1.32
JPL 0.05 6.40 0.52
COST-G 0.03 9.80 0.14
ITSG 0.09 4.62 0.81
CNES 0.18 1.63 1.41

GRACE/GRACE-FO TWS. Regarding SNR, it registers
a lower value compared to other institutions, whereas
CNES outperforms its counterparts. In terms of TAR,
CNES (0.14) and ITSG (0.17) demonstrate lower values

than other institutions, with GFZ (1.41) recording
a higher value. For the interannual variations, the
uncertainty is higher than the seasonal cycle, and the
signal intensity is lower. In terms of the summary
assessments of TAR, COST-G stands out with the best
performance (TAR: 0.14), followed by JPL (0.52), CSR
(0.77), ITSG (0.81), GFZ (1.32), and CNES (1.41). By com-
paring the assessment ratio between the original time-
series and correspondingly decomposed components,
it suggests that the evaluation ratio of original TWS is
mainly influenced by the interannual variations.

3.4. The comparisons in catchment scale

Furthermore, we evaluate GRACE/GRACE-FO TWS
derived from various solutions in global major basins.
Figure 10 shows the boxplot detailing the uncertainty,
SNR, and TAR across 89 basins. COST-G emerges as the
top performer, showcasing an average ratio of uncer-
tainty (0.22cm), SNR (24.16), and TAR (0.14).
Conversely, CNES, with an uncertainty of 1.84 cm, SNR
of 15.12, and TAR of 1.41, fails to demonstrate superior
conditions compared to other institutions. CSR (TAR:
0.88), JPL (TAR: 0.89), and ITSG (TAR: 0.92) exhibit
almost identical performance across 89 basins, all out-
performing GFZ (TAR: 1.07). The assessments of
GRACE/GRACE-FO TWS are also conducted in small,
medium, and larger basins (see Figure 11). Regardless
of the basin size, COST-G consistently outperforms
other institutions; there are little differences among
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Figure 10. In 89 divided basins, boxplot of uncertainty (a), SNR (b), and TAR (c) in GRACE/GRACE-FO TWS among six products.

CSR, JPL, and ITSG, then followed by JPL and CNES. For
uncertainty, medium basins exhibit higher values,
whereas small basins show lower values, possibly due
to fewer changes in TWS in smaller basins. In terms of
SNR, larger basins display greater signal intensity.
However, the summary ratio of TAR remains stable,
irrespective of basin size.

Meanwhile, we present the uncertainty, SNR, and
TAR of GRACE/GRACE-FO TWS in different climatic
area, Arid, Semi-Arid, Semi-Humid, and Humid basins
(see Figure 12). COST-G consistently demonstrates
superior performance, there are also little differences
among CSR, JPL, and ITSG, then followed by JPL and
CNES. All above, the uncertainty is comparatively lower
in Humid basins; the signal is slightly stronger in Semi-
humid basins.

4. Temporal gravimetry data products in
hydrologic applications

Determining actual uncertainties and SNR for GRACE
and GRACE-FO data remains challenging due to the
absence of independent estimates of TWS, the TAR and
TCH method offer an alternative approach for the

evaluation of TWS derived from different solutions.
Remarkably, COST-G consistently demonstrates super-
ior performance on a global scale, across basins of
various sizes, and in diverse climatic regions when
compared to alternative solutions. This superiority is
attributed to COST-G's integration of the majority of
publicly available GRACE/GRACE-FO data provided by
ICGEM, enabling the generation of monthly gravity
fields with reduced systematic errors. The amalgama-
tion of the considered time series in COST-G results are
in lower noise levels compared to other solutions.
While other solutions may not match COST-G in
terms of assessment ratios, it should be noted that
this doesn’t imply their solutions lack utility in studying
hydrologic applications: long-term trends, seasonal
changes, and interannual variations. Figure 13 depicts
the trend and annual amplitude in small, medium, and
large basins, respectively. These solutions all capture
a water increase at a rate of ~0.11 cm/yr in small basins,
while medium and large basins experience water loss
at rates of —0.29 cm/yr and —0.34 cm/yr, respectively.
Annual amplitude exhibits minimal variation among
institutions, with GFZ displaying slightly lower values.
Figure 14 showcases the trend and annual amplitude
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Figure 11. The uncertainty (a), SNR (b), and TAR (c) of GRACE/GRACE-FO TWS in small, medium, and large basins, respectively.

in various climatic areas. All solutions exhibit similar
water decrease in these climatic basins. The rate is
lower in semi-arid basins, greater in semi-humid and
humid areas. The annual amplitude of arid basins is
higher than other climatic basins, with semi-arid and
semi-humid basins exhibiting roughly similar values.
The results show that demonstrate the comparable
performance in CNES to capture the rates of water
change and annual amplitude, although its assessment
ratios are not as favourable as others. Also, the results
in sections 3.3 and 3.4 reveal that these solutions
exhibit globally consistent spatial patterns, along
with numerically similar long-term trends and annual
amplitudes, irrespective of area size or climatic region.
Additionally, consistency in seasonal signals among
different solutions is higher for the magnitude of sea-
sonal amplitudes than for long-term trends.
Furthermore, three distinct areas — the Amazon
Basin (dominated by the seasonal cycle), North China

Plain (dominated by long-term trends) and Murray
Basin (dominated by interannual variations) are
assessed here (see Figure 15). In the Amazon Basin,
minimal differences (below the submillimeter) in
annual amplitude are observed. In the North China
Plain, rates of long-term groundwater depletion
range from —1.13 to —1.27 cm/yr. In the Murray Basin,
the fluctuations in TWS are evidently linked to El Nifio
Southern Oscillation (ENSO) events (Wu et al., 2022,
2023).

Indeed, despite the variations in error or uncer-
tainty levels among the different GRACE/GRACE-FO
Level-2 products, we should recognise that these
solutions hold value for hydrologic applications
whether applied on a global scale or at the basin
level. Their utility extends to understanding long-
term trends, seasonal changes, and the dynamics of
water storage in different climatic and geographical
regions. The evaluation methods and assessment
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respectively.

ratios offer a means to compare and interpret the
performance of various solutions. In light of the
assessments conducted, we recommend the prefer-
ential use of COST-G products.

5. Conclusions

In this study, we undertook a comprehensive assess-
ment of TWS derived from released GRACE and GRACE-
FO Level-2 products, evaluating various performance
metrics, including uncertainty, SNR, and the TAR ratio.
The assessment encompassed CSR, GFZ, JPL, COST-G,
ITSG, CNES, Tongji, HUST, AIUB, APM-SYSU, and SUST.

For GRACE-derived TWS, COST-G exhibited the low-
est uncertainty at 0.35 cm, while AIUB (1.99 cm), CNES
(1.87 cm), and SUST (1.56 cm) demonstrated higher
uncertainty. SNR values ranged from COST-G with the

highest at 17.44 to CNES (11.28) and AIUB (11.31) with
the lowest. APM-SYSU, ITSG, CSR, JPL, Tongji, HUST,
and SUST exhibited comparatively strong signals. The
TAR ratio ranked COST-G the best at 0.15, followed by
ITSG (0.83), APM-SYSU (0.85), CSR (0.91), JPL (0.92), GFZ
(0.94), Tongji (0.96), HUST (10.8), SUST (1.18), CNES
(1.37), and AIUB (1.41). For GRACE-FO derived TWS,
COST-G again showcased the lowest uncertainty at
0.45 cm, while CNES (2.17 cm) had the highest uncer-
tainty. SNR values ranged from COST-G with the high-
est at 23.67 to CNES (17.43). COST-G maintained its
superior performance in TAR (0.15), followed by JPL
(0.81), ITSG (0.96), CSR (0.97), GFZ (1.06), and CNES
(1.41). The TAR of GRACE-FO TWS was higher than
GRACE TWS. JPL outperformed other institutions for
both GRACE and GRACE-FO derived TWS, followed by
COST-G.
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Furthermore, the assessment extended to trends,
cycles, and residuals of GRACE/GRACE-FO TWS. For the
seasonal term, uncertainties were well below the sub-
millimeter range. SNR values showed variations, with
GFZ recording a lower value compared to other

institutions, and CNES outperforming its counterparts.
In terms of TAR, CNES (0.14) and ITSG (0.17) demon-
strated lower values, while GFZ (1.41) recorded a higher
value. The evaluation ratio of original TWS was primarily
dominated by interannual variations. We also assessed
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Figure 15. The results of six solutions in Amazon Basin (a), North China plain (b), and Murray Basin (c), respectively.

GRACE/GRACE-FO TWS in 89 major basins which
revealed COST-G as the top performer, displaying an
average ratio of uncertainty (0.22 cm), SNR (24.16), and
TAR (0.14). Conversely, CNES did not demonstrate super-
ior conditions compared to other institutions. The
assessments whether in different size basins or various
climatic areas consistently positioned COST-G as the
leading performer, there are little differences among
JPL, CSR, and ITSG, then followed by GFZ, and CNES.

In conclusion, despite variations in error levels
among different GRACE/GRACE-FO Level-2 products,
these solutions retain value for hydrologic applica-
tions, whether on a global scale or at the basin level.
Considering the assessments conducted, we recom-
mend the preferential use of COST-G products.
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